It is widely known that the addition of condensed silica fume to a concrete mix would improve the cohesiveness and hence segregation stability. However, quite often, this would also impair the flowability. To study the overall effects of condensed silica fume, an experimental programme was launched, whereby 45 mortar samples with different condensed silica fume contents and water/solid ratios, each representing the mortar portion of a concrete mix, were tested for their rheological properties, cohesiveness and packing densities. Their rheological properties were measured in terms of flow spread, flow rate, yield stress and apparent viscosity, while their cohesiveness and packing densities were measured using the sieve segregation and wet packing tests respectively. It was found that the effect of condensed silica fume on flowability could be positive or negative, depending on the water/solid ratio, and when the water/solid ratio is low, the addition of condensed silica fume would improve the flowability by increasing the packing density. It was also found that the effect of condensed silica fume on cohesiveness is always positive. Put together, the overall flowability-cohesiveness performance would be improved by the addition of condensed silica fume.
Introduction
In recent years, the use of high-performance concrete (HPC) has been strongly advocated to enhance the quality of concrete construction (Aïtcin, 1998) . However, the mix design of HPC for achieving all-round high performance, especially at the fresh state, is not easy. For a more systematic mix design of HPC, it has been suggested that the mortar portion should first be engineered so as to maximise the performance of the concrete. In this regard, Lachemi et al. (2007) have demonstrated that there is a close relationship between the flowability of a concrete mix and the rheology of its mortar portion. Likewise, Ng et al. (2009) have found that the flowability of a self-consolidating concrete (SCC) would increase with the flowability of the mortar portion. Hence, proper mix design of the mortar portion is an important step in the development of an HPC.
In general, for an HPC, especially SCC, both high flowability and high segregation stability are desired. To achieve high flowability, the mortar portion has to have high flowability (Lachemi et al., 2007; Ng et al., 2009) while to achieve high segregation stability, the mortar portion has to have high cohesiveness (Safawi et al., 2004) . In other words, the mortar portion should have both high flowability and high cohesiveness. However, these are difficult to achieve simultaneously. Usually, an individual mix design measure that increases the flowability also decreases the cohesiveness and vice versa. For example, the addition of a superplasticiser (SP), particularly the latest polycarboxylate-based type (Gołas-zewski and Szwabowski, 2004), could effectively increase the flowability but would also substantially decrease the cohesiveness of mortar. Often, when an SP is added to near its saturation dosage, serious segregation and even dramatic loss of robustness of the concrete occur (Nkinamubanzi and Aïtcin, 2004) . Hence, care should be taken to avoid excessive reduction in cohesiveness when adding SP to increase the flowability.
On the other hand, the addition of condensed silica fume (CSF) could effectively increase the cohesiveness to improve the segregation stability (Radjy et al., 1986) . Rao (2003) explained that the fine particles of CSF would fill into the voids between cement grains and increase the number of contact points between solid particles, thus making the water-solid mixture more cohesive. However, the CSF could also adversely affect the flowability of cement paste/mortar/concrete. Kohno and Komatsu (1986) reported that at the same water/binder ratio and SP dosage, a mortar containing CSF would have smaller flow compared with a plain mortar with no CSF. Khatri et al. (1995) found that the SP dosage for a concrete has to be increased when CSF is added in order to maintain the same level of workability. Park et al. (2005) measured the yield stress and viscosity of cement pastes containing CSF and found that these rheological properties would increase with the CSF content. More recently, Artelt and Garcia (2008) examined a number of mortar mixes with and without CSF and concluded that the presence of CSF would impair the workability as evidenced by the smaller flow spread and longer flow time of the CSF mortars.
Nevertheless, beneficial effects of CSF on the flowability have also been reported. Duval and Kadri (1998) examined a number of concrete mixes with CSF contents varying from 0 to 30% by weight and found that the concrete mix with 10% CSF content would, among the others, have the lowest required SP dosage for the same slump. Zhang and Han (2000) showed that the yield stress and viscosity of a cement paste could be decreased if CSF is added to replace 10% by weight of cement. Rao (2003) conducted a similar study on mortar and found that at a constant water/binder ratio equal to 0 . 45 or 0 . 50, the flow of mortar would initially increase with the CSF content until a maximum value is reached at a CSF content of about 10 to 15% by weight and then decrease upon further increase of the CSF content. More recently, Vikan and Justnes (2007) found that the flow resistance of a cement paste could be reduced by adding CSF to replace 10% by volume of cement.
The different results obtained by different researchers indicate that the effects of CSF on the flowability are by no means straightforward. In theory, the addition of CSF should have two effects. First, the fine CSF particles would fill into the voids between cement grains to increase the packing density of the cementitious materials. With the packing density increased, the volume of voids to be filled with water would be decreased and the amount of excess water (water in excess of that needed to fill up the voids) available for lubrication would be increased. Second, owing to the high fineness of CSF, the addition of CSF would markedly increase the surface area of the solid particles in the water-solid mixture and thus for the same amount of excess water, the thickness of the water films coating the solid particles would be decreased. The increase in packing density and the increase in surface area have opposite effects on the flowability and their net influence is dependent on the relative magnitudes of these effects. However, this theory has for a long time remained just as a postulation because of the lack of a suitable test method for direct measurement of the packing density of solid particles in cement paste or mortar. Recently, a wet packing test for direct measurement of packing density has been developed by Wong and Kwan (2008) , Fung et al. (2009) and Kwan and Fung (2009) . Hopefully, with the packing density directly measured, the effects of CSF could be more scientifically studied.
Meanwhile, although it is generally accepted that the addition of CSF could increase the cohesiveness, a suitable test method for measuring the cohesiveness of cement paste and mortar is still lacking. For measuring the segregation stability (usually taken as a measure of cohesiveness) of a concrete mix containing coarse aggregate, the sieve segregation test has been widely used, as stipulated in the European Guidelines for SCC (SCC European Project Group, 2005) . Domone (2006) employed a slightly modified version of the sieve segregation test to measure the stability of mortar. As mortar does not contain any coarse aggregate, he used a 1 . 0 mm sieve instead of the 5 . 0 mm sieve recommended by the European Guidelines. This modified sieve segregation test appears to be a suitable test for assessing the cohesiveness of mortar and should have the potential of becoming a standard test.
By and large, the addition of CSF can surely enhance cohesiveness but its effect on flowability is not so certain. The authors are of the view that if used properly, CSF can increase the flowability and cohesiveness simultaneously. To find out how and why, more scientific and systematic studies are needed. For this purpose, a comprehensive testing programme was carried out, in which 45 mortar samples with CSF contents varying from 0 to 25% by volume and different water contents were made for in-depth examination, as reported herein. The rheological properties of the mortars were measured in terms of flow spread, flow rate, yield stress and apparent viscosity, while their cohesiveness and packing densities were measured using the sieve segregation and wet packing tests, respectively.
Testing programme
To study the effects of CSF, six different CSF contents, namely 0, 5, 10, 15, 20 and 25% by volume of the total cementitious materials, were adopted for the design of the mortar mixes. To exclude the effect of fine aggregate, the ratio of total cementitious materials to fine aggregate was fixed at 0 . 75 by volume. As the effects of CSF are dependent on the water content, the water/ solid (w/s) ratio by volume was varied in steps of 0 . 05 from 0 . 35 to 0 . 65 for CSF contents of 0, 5 and 10% and from 0 . 35 to 0 . 70 for CSF contents of 15, 20 and 25% (the solid volume is the volume of cementitious materials plus fine aggregate). In total, 45 mortar samples were produced for testing. An SP was added to each mortar sample at a dosage of 93 . 3 kg/m 3 by liquid mass of the SP to the solid volume of the cementitious materials, which is the upper limit of normal dosage recommended by the supplier. For easy identification, each mortar sample is assigned a designation of X-Y, where X denotes the CSF content (A ¼ 0%, B ¼ 5%, C ¼ 10%, D ¼ 15%, E ¼ 20% and F ¼ 25%) and Y denotes the w/s ratio, as listed in Table 1 . For example, B-0 . 50 designates the mortar sample with a CSF content of 5% and a w/s ratio of 0 . 50.
Each mortar sample was produced using a standard mixer by first adding all the water to the mixer and then adding the solid materials bit by bit to the mixer while mixing. This mixing procedure has been found to be more effective than the conventional mixing procedure of adding all the water and solid materials to the mixer in a single batch, especially when the water content is low and/or the CSF content is high Kwan and Fung, 2009; Wong and Kwan, 2008) . By doing so, a slurry is formed at the beginning. As more and more solids are added, the slurry is gradually turned into a lump of oversaturated mixture. When further solids are added by spreading it evenly to the mixture, the solids are very soon wetted and intermixed with the mixture. As the degree of saturation decreases, the mixing becomes more difficult, but the total mixing time needed is still much shorter than that required with the use of the conventional mixing procedure. The mortar samples so produced were then tested for their rheological properties and cohesiveness. For the measurement of packing density, the wet packing test was carried out on another set of mortar samples produced using the same mixer by the same mixing procedure.
Materials
An ordinary Portland cement (OPC) of strength class 52 . 5N and a CSF were used as the only cementitious materials. The OPC used was obtained from the local market and had been tested to comply with BS 12 (BSI, 1996) while the CSF used was imported from Norway and had been tested by the supplier to comply with ASTM C 1240-03 (ASTM, 2003) . As for the fine aggregate, local crushed granite rock fine with a maximum size of 1 . 18 mm and a water absorption of 1 . 6% by mass was used. The relative densities of the OPC, CSF and fine aggregate had been measured in accordance with BS 812: Part 2 (BSI, 1995) as 3 . 11, 2 . 20 and 2 . 66 respectively. A laser diffraction particle size analyser was used to measure the particle size distributions of the materials and the results are plotted in Figure 1 . The specific surface area of the OPC was calculated based on its Blaine fineness to be 1 . 07 3 10 6 m 2 /m 3 , while the specific surface areas of the CSF and fine aggregate were calculated based on their particle size distributions to be 13 . 3 3 10 6 m 2 /m 3 and 0 . 21310 6 m 2 /m 3 respectively. The SP employed was a polycarboxylate-based type with a solid mass content of 20% and a relative density of 1 . 03.
Measuring packing density
The wet packing test recently developed by the present authors' research group for cementitious materials (Wong and Kwan, 2008) , fine aggregate ) and cementitious materials plus fine aggregate Since the cementitious materials/fine aggregate ratio was fixed, the 45 mortar samples were actually made from six different mixes of cementitious materials and fine aggregate. The six mixes are numbered from A to F and have CSF contents of 0, 5, 10, 15, 20 and 25% respectively. For each mix, eight to ten mortar samples were produced at different w/s ratios. The same SP at the same dosage of 93 . 3 kg/m 3 of the volume of cementitious materials was added to each mortar sample. After mixing by the same procedure as mentioned before, the solid concentrations of the mortar samples were measured and the maximum solid concentration so obtained was taken as the packing density of the mix of cementitious materials and fine aggregate.
Measuring flow spread and flow rate
The mini slump cone test and mini V-funnel test were used to measure the flow spread and flow rate, respectively, of the mortar samples. Both the mini slump cone and mini V-funnel tests for mortar may be regarded as reduced scale versions of the slump and V-funnel tests for concrete.
There are several versions of mini slump cone test employing slump cones of different dimensions. The version adopted herein is the same as that used by Okamura and Ouchi (2003) , which employs a slump cone of dimensions as shown in Figure 2 (a). The test procedures are outlined below.
(a) Place the slump cone at the centre of a flat, smooth and level steel plate.
(b) Pour the mortar into the slump cone until the slump cone is completely filled up and trowel flat the top surface of the mortar.
(c) Lift the slump cone gently and allow the mortar to flow and spread for at least 3 min.
(d) Measure two perpendicular diameters of the mortar patty formed, calculate the average diameter and determine the flow spread of the mortar as the average diameter minus the base diameter of the slump cone.
Likewise, there are several versions of mini V-funnel test employing V-funnels of different dimensions. The version adopted herein is the same as that used by Okamura and Ouchi (2003) , which employs a V-funnel of dimensions as shown in Figure 2 
Measuring rheological properties
The vane test was used to evaluate the rheological properties of the mortar samples. It was carried out using a speed-controlled rheometer equipped with a shear vane, measuring 20 mm in width and 40 mm in length, and a cylindrical container, having an inner diameter of 40 mm, as shown in Figure 3 . The inner wall of the container was profiled with grooves in such a way that the asperity was larger than the largest particle in the mortar sample being tested. This was to minimise slippage of the mortar at the container surface during shearing. At the onset of the test, the shear vane was concentrically inserted into the mortar sample in the cylindrical container and then set to rotate at controlled rotation speed, following a shearing sequence which consisted of two shearing cycles. The first cycle, called the pre-shearing cycle, was to apply pre-shearing to the sample so that all the samples tested had the same shearing history before measurement. The second cycle, called the data-logging cycle, was for the actual measurement. In the data-logging cycle, the rotation speed N (measured in terms of r/min, i.e. rotation per minute) was increased from 0 to 50 r/min in 75 s and then decreased to 0 r/min in another 75 s. During shearing, the torque T (measured in terms of mNm) induced at the shear vane was continuously monitored and regularly logged by a computer. The results obtained at decreasing rotation speed, which are generally more consistent and repeatable, were used for evaluating the rheological properties of the mortar sample.
As the mortar is non-Newtonian, it is customary to describe its rheological properties by either the Bingham model (which assumes that the shear stress-shear rate curve is linear) or the Herschel-Bulkley model (which assumes that the shear stressshear rate curve follows the power equation). Upon curve fitting using both models, it was found that the experimental results agreed better with the Herschel-Bulkley model, whose shear stress-shear rate relation is given by
where ô is shear stress (Pa), _ ª is shear rate (s À1 ), ô 0 is yield stress (Pa), and k (Pas n ) and n (non-dimensional) are empirical coefficients. To evaluate the rheological properties of the mortar sample tested, the best-fit curve based on the above equation was first obtained by regression analysis. Then, from the best-fit curve so obtained, the yield stress (taken as the shear stress at a shear rate of zero) and apparent viscosity (taken as the ratio of shear stress to shear rate at a shear rate of 14/s) were determined to characterise the rheology of the mortar sample.
Measuring cohesiveness
The cohesiveness of the mortar samples was measured using a modified version of the sieve segregation test stipulated in the European Guidelines for SCC (SCC European Project Group, 2005) . This modified sieve segregation test for mortar is similar to the sieve segregation test for SCC except that a smaller 1 . 18 mm sieve is used instead of the 5 . 0 mm sieve for SCC.
To carry out the test, an approximately 0 . 2 litre mortar sample was poured onto the 1 . 18 mm sieve from a height of 300 mm. Part of the mortar would then drip through the sieve depending on the cohesiveness of the mortar. After 2 min, the mortar dripped through the sieve and collected by a base receiver was weighed. For a mortar with low cohesiveness, nearly all the mortar poured onto the sieve would drip through the sieve. On the contrary, for a mortar with high cohesiveness, only a small amount of mortar would drip through the sieve. For this reason, the proportion of mortar dripping through the sieve may be taken as a measure of cohesiveness. Following the sieve segregation test for SCC, the sieve segregation index (SSI) of the mortar sample tested may be determined as
in which M p is the mass of mortar collected by the base receiver, and M m is the mass of mortar poured onto the sieve. A low SSI indicates high cohesiveness whereas a high SSI indicates low cohesiveness.
Results and discussions

Packing density
The packing density results of the six mixes of cementitious materials and fine aggregate tested are tabulated in the last column of Table 1 . From these results, it can be seen that every mix containing CSF has a higher packing density than the one containing no CSF. This may be attributed to the filling effect of the CSF particles. Because of their small size, the CSF particles filled themselves into the voids between the OPC and fine aggregate particles and thus increased the solid concentration of mix of cementitious materials and fine aggregate. Furthermore, it can also be seen that the packing density increased almost linearly with the CSF content up to a CSF content of 25%. More specifically, with 25% CSF added, the packing density of the mix was increased from 0 . 712 to 0 . 767. Such an increase in packing density of about 8% may not seem much at first sight but is
Rheometer Shear vane
Container Figure 3 . Rheometer, shear vane and container significant enough to change the rheology of the mortar formed, as will be depicted in the following sections.
Flow spread and flow rate
The flow spread and flow rate results of the mortar samples are tabulated in the second and third columns of Table 2 , and plotted against the w/s ratio in Figure 4 . It is evident that both the flow spread and flow rate increased with the w/s ratio. These observed phenomena are expected, as it is well known that increasing the water content of a mortar would improve the flowability. It is also noted that at the same w/s ratio, both the flow spread and flow rate varied with the CSF content. This is depicted by the different curves plotted for the mortar samples with different CSF contents. However, the variations of the flow spread and flow rate with the CSF appeared to be quite complicated and dependent on the w/s ratio.
Compared with the flow spread, the flow rate may be a better measure of flowability. This is manifested by the results that were obtained within the range of mixes covered in this study, namely the flow rate varied widely from 50 ml/s to more than 600 ml/s while the flow spread varied merely from 200 mm to about 300 mm and stayed at around 300 mm even when the flowability further increased. This means that when the mortar to be tested is highly flowable, the flow spread measurement would not be sensitive enough to reveal any change in flowability.
Yield stress and apparent viscosity
The yield stress and apparent viscosity results of the mortar samples are tabulated in the fourth and fifth columns of Table 2 , and plotted against the w/s ratio in Figure 5 . From the curves plotted, it can be seen that both these rheological properties gradually decreased as the w/s ratio increased. This agrees with the general observation that increasing the water content of a mortar would reduce the yield stress and apparent viscosity. It can also be seen that at the same w/s ratio, both these rheological properties varied with the CSF content, as illustrated by the different curves plotted for the mortar samples with different CSF contents. Hence, it may be concluded that the rheological properties of a mortar are governed not just by the water content but also by the mix composition of the solid particles in the mortar, especially the CSF content.
Sieve segregation index
The SSI results of the mortar samples are tabulated in the last column of Table 2 and plotted against the w/s ratio in Figure 6 . It is seen that the SSI increased gradually with the w/s ratio, implying that a mortar with a higher w/s ratio would tend to have Table 2 . Flowability, rheological properties and SSI results of the mortar samples a lower cohesiveness. This phenomenon can be easily understood, as increasing the w/s ratio would decrease the solid concentration and result in a thinner water-solid mixture. It is also seen from the widely separated curves plotted for the mortar samples with different CSF contents that the effect of CSF on cohesiveness was quite substantial. For example, at a w/s ratio of 0 . 65, the SSI of the mortar without CSF was 40% while the SSI of the mortar with 5% CSF content was only 19%. These results demonstrate very clearly that CSF is highly effective in improving the cohesiveness of mortar.
Effects of CSF
To better study the effects of CSF on the flowability, the flow spread and flow rate results are plotted against the CSF content in Figure 7 . The flow spread-CSF content curves show that as the CSF content increased from 0% onwards, the flow spread first increased to a maximum value at an optimum CSF content of around 10% and then decreased. Such effect of CSF on flow spread was smaller at a higher w/s ratio and became minimal at w/s ratios higher than 0 . 50. On the other hand, the flow rate-CSF content curves show that at a w/s ratio equal to 0 . 35, 0 . 40 or 0 . 45, the flow rate first increased with the CSF content until the CSF content reached a certain optimum value of around 10 to 15% and then decreased as the CSF content further increased. However, at a w/s ratio equal to 0 . 50 or higher, the flow rate never increased but started right at the beginning to decrease as the CSF content increased from 0% onwards. On the whole, it may be concluded that the effects of CSF on flowability are dependent on the w/s ratio and that at a w/s ratio lower than 0 . 50, the addition of CSF can improve the flowability whereas at a w/s ratio higher than 0 . 50, the addition of CSF has either little effect or a slight adverse effect on the flowability. CSF is particularly useful when the water content is low because it can increase not only the strength but also the flowability of the mortar.
Similarly, the yield stress and apparent viscosity results are plotted against the CSF content in Figure 8 to study the effects of CSF. The yield stress-CSF content curves reveal that as the CSF content increased from 0% onwards, the yield stress first decreased to a minimum value at an optimum CSF content of around 10% and then increased. Such effect of CSF on yield stress was smaller at a higher w/s ratio and became negligible at w/s ratios higher than 0 . 50. Conversely, the apparent viscosity-CSF content curves reveal that at a w/s ratio equal to 0 . 35, 0 . 40 or 0 . 45, the apparent viscosity first decreased to a minimum value and then increased as the CSF content increased from 0% onwards while at a w/s ratio equal to 0 . 50 or higher, the apparent viscosity constantly and slightly increased as the CSF content increased. Therefore, the effects of CSF on yield stress and apparent viscosity are dependent on the w/s ratio. At a w/s ratio lower than 0 . 50, the addition of CSF could reduce the yield stress and apparent viscosity whereas at a w/s ratio higher than 0 . 50, the addition of CSF would either have little effect or slightly increase the yield stress and apparent viscosity. This explains why different results on the effects of CSF have been obtained by different researchers. The beneficial effects of CSF may be attributed to the increase in packing density. With the packing density increased due to the addition of CSF, the amount of water needed to fill up the voids between the solid particles would be decreased and the amount of excess water available for lubricating the mortar would be increased. On the other hand, the adverse effects of CSF may be attributed to the increase in solid surface area. With the solid surface area increased due to the addition of CSF, the thickness of the water films coating the solid particles for lubrication would be decreased. Since it is actually the water film thickness that determines the flowability and rheological properties of mortar, the net effect of CSF is dependent on the relative magnitudes of the above beneficial and adverse effects. Basically, the test results show that when the w/s ratio is lower than 0 . 50 and the CSF content is not higher than 15%, the beneficial effect is larger but when the w/s ratio is higher than 0 . 50 and/or the CSF content is higher than 15%, the adverse effect is larger.
Finally, to study the effects of CSF on the cohesiveness, the SSI results are plotted against the CSF content in Figure 9 . The graph shows that at all w/s ratios covered in the study, the SSI always decreased as the CSF content increased. When the w/s ratio was low (say, equal to 0 . 35, 0 . 40 or 0 . 45), the reduction in SSI owing to addition of CSF was relatively small but when the w/s ratio was high (say, equal to or higher than 0 . 50), the reduction in SSI due to addition of CSF became quite substantial. During the mortar tests, it was observed that the mortar samples with SSI higher than 10% generally showed certain signs of segregation and bleeding. Hence, an upper limit of 10% should be set to the SSI in order to ensure that the mortar has sufficient cohesiveness to avoid segregation. With this upper limit set, the CSF content for achieving sufficient cohesiveness -that is, achieving an SSI of not higher than 10%, may be determined from Figure 9 . For example, at a w/s ratio of 0 . 40, no CSF is needed to achieve an SSI of not higher than 10% but at a w/s ratio of 0 . 60, up to 20% CSF is needed to achieve an SSI of not higher than 10%. Generally, a mortar with a higher w/s ratio would need more CSF for achieving sufficient cohesiveness.
Overall flowability-cohesiveness performance
As demonstrated in the previous sections, the addition of CSF could, under certain conditions, improve the flowability, rheological properties and cohesiveness at the same time. For example, at a w/s ratio of 0 . 45, the addition of 10% CSF could increase the flow spread from 286 to 297 mm and the flow rate from 188 to 210 ml/s, and decrease the yield stress from 2 . 86 to 1 . 51 Pa, the apparent viscosity from 4 . 85 to 3 . 89 Pas, and the SSI from 11 . 2 to 5 . 5%, as shown in Table 2 . However, detailed analysis of the test results reveals that such simultaneous improvement in flowability, rheological properties and cohesiveness is possible only when the w/s ratio is not higher than 0 . 45. When the w/s SSI: % w/s ratio 0·35 ϭ w/s ratio 0·55 ϭ w/s ratio 0·40 ϭ w/s ratio 0·60 ϭ w/s ratio 0·45 ϭ w/s ratio 0·65 ϭ w/s ratio 0·50 ϭ Figure 9 . Sieve segregation index plotted against CSF content ratio is higher than 0 . 45, the addition of CSF would rather impair the flowability and rheological properties.
Nevertheless, even at a w/s ratio higher than 0 . 45, the addition of CSF could be beneficial to the overall performance. In assessing the overall performance of a mortar, both the flowability and cohesiveness should be considered. Although the addition of CSF could sometimes impair the flowability, it would always improve the cohesiveness. The overall flowability-cohesiveness performance may be studied by plotting the concurrently achieved flow rate and SSI for each CSF content, as in Figure 10 . Each performance curve so plotted demarcates the limits of concurrent flowability and cohesiveness that can be achieved at a given CSF content. From these curves, it is evident that an increase of CSF content would shift the curve downwards and to the right. Such shifting of the curve reveals that the addition of CSF could at the same SSI (or cohesiveness), increase the flow rate or at the same flow rate, decrease the SSI (or increase the cohesiveness).
An alternative way of evaluating the overall performance is to determine the maximum flow rate without segregation, which may be defined as the flow rate at the upper acceptable SSI limit of 10%. The maximum flow rate without segregation may be determined from the curves plotted in Figure 10 by interpolation. For example, the maximum flow rate without segregation for the mortar containing no CSF can be estimated as 181 ml/s while that for the mortar containing 15% CSF can be estimated as 382 ml/s. The substantial increase in the maximum flow rate without segregation indicates that regardless of the w/s ratio, the addition of CSF can always increase the flow rate without causing segregation.
Correlation between flowability and rheological properties The flow spread, flow rate, yield stress and apparent viscosity are to some extent interrelated. To demonstrate their interrelationship, the flow spread results are plotted against the yield stress results in Figure 11 and the flow rate results are plotted against the apparent viscosity results in Figure 12 .
The flow spread-yield stress curves in Figure 11 show that the flow spread generally decreased as the yield stress increased. However, the flow spread-yield stress relation is not unique. For different CSF contents, different flow spread-yield stress curves are obtained. This indicates that the flow spread-yield stress relation is dependent on the CSF content. Basically, at a higher CSF content, the flow spread-yield stress curve is lower. Hence, at the same yield stress, a higher CSF content would result in a smaller flow spread. During the mini slump cone tests, it was observed that with a higher CSF content, the mortar patty formed was thicker because of its higher cohesiveness. Quite possibly, it was the larger thickness of the mortar patty formed that had resulted in a smaller flow spread at a higher CSF content. So apparently, the flow spread, as a measurement of flowability, is interfered by the cohesiveness of the mortar.
The flow rate-apparent viscosity curves in Figure 12 show that likewise the flow rate generally decreased as the apparent Flow rate plotted against apparent viscosity viscosity increased. This time, the flow rate-apparent viscosity relation is very unique. Regardless of the CSF content, the same flow rate-apparent viscosity curve is obtained. This indicates that the flow rate-apparent viscosity relation is not dependent on the CSF content. Regression analysis of the correlation between the flow rate and apparent viscosity has produced an R 2 value of 0 . 964. This strong correlation suggests that the flow rate, being governed solely by the apparent viscosity, is almost equivalent to the apparent viscosity. Hence, the flow rate, which can be measured more easily by the mini V-funnel test, may be taken as an alternative measure of the apparent viscosity.
Conclusions
A total of 45 mortar samples proportioned with different CSF contents and different w/s ratios were produced for packing density, flowability, rheological properties and cohesiveness measurements. For the packing density measurement, the wet packing test was applied. Furthermore, the flowability was measured by the mini slump cone and mini V-funnel tests while the rheological properties were measured by the vane test using a speedcontrolled rheometer. Finally, the cohesiveness was measured by a modified sieve segregation test. Based on the test results so obtained, the effects of CSF on the fresh properties of mortar were investigated.
The measured packing density varied from 0 . 712 to 0 . 767, amounting to about 8% difference. Since the cementitious materials to fine aggregate ratio was fixed, the variation in packing density was due solely to the filling effect of CSF. This is the first time that the increase in packing density of mortar due to addition of CSF was directly measured. Despite being small, such variation in packing density can have great effects on the mortar, and, therefore, the packing density must be measured as accurately as possible. On the whole, the test results revealed that both the w/s ratio and CSF content have major effects on the fresh properties of mortar. As expected, a higher w/s ratio would improve the flowability and rheological properties but would also reduce the cohesiveness needed to avoid segregation. However, the effects of the CSF content were fairly complicated.
In-depth analysis showed that the effects of CSF content were dependent on the w/s ratio. At a w/s ratio not higher than 0 . 45, there was an optimum CSF content at which the flowability was highest and the rheological properties were lowest. At a w/s ratio higher than 0 . 45, both the flowability and rheological properties were impaired by the addition of CSF. In contrast, regardless of the w/s ratio, the cohesiveness was always improved by the addition of CSF. In any case, it is evident from the concurrent flowability and cohesiveness achieved at different CSF contents that the addition of CSF could at the same cohesiveness increase the flowability or at the same flowability increase the cohesiveness. Hence, the addition of CSF would improve the overall flowability-cohesiveness performance of mortar.
Regarding the test methods, the wet packing test previously developed by the authors' research group was successfully extended to apply to mortar containing CSF. The modified sieve segregation test, though still rudimentary, turned out to be quite successful as a simple test for measuring the cohesiveness of mortar. Finally, the flow spread and flow rate have been correlated to the yield stress and apparent viscosity, respectively. It was found that the correlation between the flow spread and yield stress is dependent on the CSF content, due probably to the interference of cohesiveness. However, the correlation between the flow rate and apparent viscosity is very unique and not dependent on the CSF content, indicating that the flow rate is almost equivalent to the apparent viscosity.
